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ABSTRACT. Crustal thickness beneath Mongolia was determined using the teleseismic receiver function H-k stacking 
method, which employed waveform data from broadband seismic stations in Mongolia. The findings reveal that the crust 
of Mongolia thickens from east to west, with the thickness reaching 63 km in west Mongolia and 35.9 km in east Mongolia. 
In the central part of Mongolia, the average thickness of the crust is approximately 45 km. The characteristics of P-to-S con-
verted phases and negative amplitudes in stacked receiver functions, may be attributed to regional tectonostratigraphic 
terranes in Mongolia. Subsequently, a general map of the crustal thickness of Mongolia was generated by combining the 
results of this study with those of other seismological studies and the CRUST1.0 model of the Earth’s crust.
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МОЩНОСТЬ КОРЫ И СООТНОШЕНИЕ Vp/Vs В МОНГОЛИИ

Б. Цагаан1,2, О. Чимэд1, Б. Цэрмаа2, У. Хөхөөдэй2

1 Институт астрономии и геофизики МАН, 13343, Улан-Батор, Монголия
2 Монгольский национальный университет, 14200, Улан-Батор, Монголия

АННОТАЦИЯ. Мощность земной коры под Монголией была определена с использованием метода сумми-
рования телесейсмической функции приемника H-k, где использовались формы сигналов с широкополосных 
сейсмических станций в Монголии. Результаты показывают, что толшина коры увеличивается с 35.9 км на во-
стоке до 63 км на западе. В центральной части Монголии толщина составляет примерно 45 км. Характеристики 
преобразованной P-S фазы и отрицательных амплитуд при суммировании функций приемника могут быть от-
несены к региональным тектоностратиграфическим террейнам в Монголии. Впоследствии путем объединения 
результатов этого исследования с результатами других сейсмологических исследований и моделью земной 
коры CRUST1.0 была создана общая карта мощности земной коры Монголии.

КЛЮЧЕВЫЕ СЛОВА: мощность земной коры; функция телесейсмического приемника; метод H-k суммирования; 
Монголия

ФИНАНСИРОВАНИЕ: Данное исследование финансировано Монгольским фондом науки и технологии (про-
ект ШУТБИХХЗГ 57 № 2022/153).

1. INTRODUCTION
Seismic waves are the mechanical waves that has ca-

pable of propagating through the Earth and its interior, and 
they are commonly used to study the elastic properties of 
the crust. The characteristics and frequency contents of 
seismic waves emitted by earthquakes depend greatly on 
the Earth’s interior, especially the structure and composi-
tion of the crust. In seismological studies, such as deter-
mining the main parameters, calculating synthetic seismo-
grams, carrying out seismic hazard analysis, and studying 
the seismo-tectonics of the region, the internal structure of 
the crust, namely the seismic velocity model, is used.

One of the important parameters of seismic velocity ref-
erence models such as PREM, IASP91, AK135, and CRUST1.0 
used in seismological research is the crustal thickness and 
its Vp/Vs velocity ratio. The crustal thickness and seismic 
velocity of these seismic velocity models are slightly dif-
ferent than each other and they are not suitable for the 
seismological study of Mongolia.

Currently, two seismic velocity models with a layer over 
a half-space are employed to process earthquake data in 
Mongolia. The crustal thickness values in these models are 
45 km and 35 km for western and central Mongolia, and 
for eastern Mongolia, respectively. With the increase in the 
number and the detection capabilities of permanent seis-
mic stations operating in Mongolia, it is unreasonable to 
continue using such an isotropic seismic velocity model in 
the seismological study of the region.

In the past, several research works have been con-
ducted to investigate the characteristics of the Mongolian 
crust, including its thickness and shear wave velocity struc-
ture. The thickness of the crust and its seismic velocity 
characteristics beneath the temporary seismic network 
installed in a certain part of the Mongolian territory were 
studied in the frame of seismological projects such as "The 

Baikal Rift Zone Experiment, 1991–1992" [Davis et al., 2001; 
Mordvinova et al., 1996], "Mongolian Baikal Lithosphere 
Seismological Transect – 2003" [Mordvinova et al., 2007], 
"The Geophysical Investigation and Deep Structure Model-
ing for Seismic Hazard Assessment in the Far East, 2011– 
2012" [He et al., 2016], and "Collaborative Research: Intra-
continental Deformation and Surface Uplift – Geodynamic 
Evolution of the Hangay Dome, Mongolia Central Asia, 2012– 
2016" [Stachnik et al., 2014]. Additionally, the thickness of 
the crust and its S shear wave velocity structure beneath 
the Ulaanbaatar region were studied by teleseismic re-
ceiver function and genetic algorithm inversion [Baasanbat, 
Shibutani, 2015].

In this study, our objective was to determine the crust’s 
thickness and its seismic Vp/Vs ratio and Poisson’s ratio be-
neath broadband permanent seismic stations in Mongolia 
using the teleseismic receiver function H-k stacking method. 
Additionally, we aimed to make a general map illustrating 
the crustal thickness beneath Mongolia by integrating the 
results of this study with those of previous seismological 
studies conducted in Mongolia, as well as the CRUST1.0 
reference model.

2. DATA AND METHOD
The Institute of Astronomy and Geophysics (IAG) of the 

Mongolian Academy of Sciences (MAS) operates and main-
tains a seismic network in Mongolia. For this study, we uti-
lized seismic waveforms recorded by both permanent and 
temporary broadband seismic stations of the Mongolian 
seismic network (Fig. 1). We selected the waveforms of 
teleseismic events with a high signal-to-noise ratio from 
the database between 2012 and 2023. The selected events 
had magnitudes of mb≥5.5 and epicentral distances rang-
ing from 30° to 90° (Fig. 2). It is important to mention that 
the number of selected events varied depending on the 
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Fig. 1. The distribution of temporary and permanent broadband stations of the Mongolian Seismic Network.
Рис. 1. Распределение временных и постоянных широкополосных станций Монгольской сейсмической сети.

Fig. 2. BULM station: the distribution of selected events for the analysis along their observed receiver functions.
Observed receiver functions are depicted as gray curves, those selected by correlation analysis are represented by blue curves, and the 
stacked receiver function is illustrated by a red curve.
Рис. 2. Станция BULM: распределение выбранных событий для анализа по их наблюдаемым функциям приемника.
Наблюдаемые функции приемника изображены серыми кривыми, выбранные с помощью корреляционного анализа – сини-
ми кривыми, а составная функция приемника – красной кривой.
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time frame of each seismic station’s operation. Overall, the 
distribution of selected teleseismic events provided ade-
quate azimuthal coverage for most permanent seismic sta-
tions. The teleseismic receiver function analysis is one of 
the main methods for studying the thickness of the crust 
and its seismic velocity structure [Ammon et al., 1990; 
Langston, 1977; Ligorría, Ammon, 1999].

A receiver function is highly sensitive to velocity con-
trasts beneath a seismic station, making it an invaluable 
tool in research aimed at determining the deep structure 
of the Earth, particularly the thickness of the crust. It is 
assumed that the teleseismic P wave results from a convo-
lution of the earthquake source time function, the instru-
ment response, and the effect of the path through the man-
tle and the crust beneath the receiver [Ammon et al., 1990]. 
Over time, several deconvolution methods have been de-
veloped to isolate the near-receiver function [Ammon et 
al., 1990; Clayton, Wiggins, 1976]. In this study, we em-
ployed the time-domain deconvolution method [Ligorría, 
Ammon, 1999].

We prepared seismic signals with a length of 200 sec-
onds, beginning 50 seconds before the first P arrival and 
extending 150 seconds after the P phase to ensure that the 
waveform contains the requisite converted phases at the 
Moho discontinuity. We removed the trend and mean from 
the waveforms, and applied both a bandpass filter and a 
Gaussian filter with a width factor of 1.0, 1.5, and 2.5 to the 
selected waveforms. Finally, we selected mutually coherent 
radial receiver functions using the cross-correlation tech-
nique [Tkalčić et al., 2011].

The teleseismic receiver function H-k stacking method 
[Zhu, Kanamori, 2000] is employed to determine the aver-
age crustal thickness (H) and Vp/Vs ratio (k) for selected 
stations. This method involves summing the amplitudes 
of individual receiver functions at the predicted arrival 
times of Ps, PpPs, and PpSs+PsPs phases for various crustal 
thickness (H) and Vp/Vs velocity ratios (k=Vp/Vs). Sub-
sequently, the average crustal thickness is estimated by 
stacking the individual receiver functions in the H-k do-
main [Porritt, Miller, 2018] (Fig. 3). The arrival times of 
multiple converted phases can be expressed as follows:

(1)

(2)

(3)

where R is given Earth’s radius, 𝜌 is the ray parameter,
H is the crustal thickness, and Vp is the assumed P wave 
velocity, k is the Vp/Vs velocity ratio. The standard devia-
tion of crustal thickness and Vp/Vs ratio is calculated by 
the statistical bootstrap method [Efron, Tibshirani, 1986]. 
This bootstrap method involves generating multiple boot-
strap samples from the original dataset by resampling with 
replacement.

Fig. 3. Example of H-k stacking inversion.
Рис. 3. Пример инверсии H-k суммирования.
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3. RESULTS
3.1. H-k stacking inversion

We determined the average crustal thickness beneath 
45 permanent broadband seismic stations using the re-
ceiver function H-k stacking method. Our study findings 
indicate a trend wherein the crustal thickness in the study 
area progressively increases from east to west (Fig. 4). This 
observation suggests lateral variations in crustal thickness 

across the study area, with thicker crust observed towards 
the western extent of the study area. The average thickness 
of the crust is approximately 45 km, with variations rang-
ing from 35.9 km to 63.1 km. The minimum crustal thick-
ness is observed beneath the DABM station in the east, 
while the maximum thickness is observed beneath the 
HBDM station in the west of Mongolia (Fig. 4). Notably, re-
gions such as the Mongol Altai, Gobi-Altai, and Hangay dome 

Fig. 4. A contour map depicting the crustal thicknesses beneath the stations used in this study.
Рис. 4. Карта, показывающая толщину земной коры под станциями, использованными в этом исследовании.

Fig. 5. A contour map of Vp/Vs ratio in the crust beneath the stations used in this study.
Рис. 5. Карта отношения Vp/Vs в земной коре под станциями, использованными в данном исследовании.
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Fig. 6. A contour map of Poisson’s ratio in the crust beneath the stations used in this study.
Рис. 6. Карта коэффициента Пуассона в земной коре под станциями, использованными в этом исследовании.

mountainous area exhibit a relatively thicker crust, with an 
average value of 51.5 km. It is worth mentioning that sta-
tions indexed as BX exhibit larger uncertainty due to the 
shorter operational period. The average thickness of the 
crust beneath central Mongolia is approximately 42.7 km. 
Interestingly, we noted a relatively shallow crust beneath 
BULM and MG2B stations in north-central Mongolia. The 
crustal thickness beneath the Ulaanbaatar region ranges 
from 41.9 to 44.2 km, a result that closely aligns with the 
findings of Yu.A. Zorin et al [Zorin et al., 2002].

The estimated bulk crustal Vp/Vs ratios beneath the 
permanent broadband stations vary between 1.68 and 1.92, 
with an average of 1.75 (Fig. 5). Notably, lower Vp/Vs ratios 
are observed beneath the UB stations located in the west 
of the Hentei Mountain range, attributed to the presence of 
Devonian Carboniferous turbidite basin terrane. Converse-
ly, higher Vp/Vs ratios of around 1.8 are identified be-
neath HTGB and HTGM stations in northern Mongolia, as-
sociated with Cambrian shelf carbonate rocks terrane. Fur-
thermore, relatively higher Vp/Vs (1.88 and 1.92) ratios are 
determined beneath MG2B and BULM stations, indicative 
of Permian Triassic volcanic plutonic belt terrane. Poisson’s 
ratio is directly related to Vp/Vs ratio. The determined bulk 
crustal Poisson’s ratios beneath the stations range between 
0.23 and 0.31 with an average of 0.25 (Fig. 6).

3.2. General map of the crustal thickness  
of Mongolia

The main results of the previous studies were crustal 
thicknesses beneath the temporary seismic stations installed 
within the framework of these projects. V.V. Mordvinova et 
al. [Mordvinova et al., 1996] determined the crustal thick-
ness beneath the Irkutsk – Ulaanbaatar – Undurshil profile 

using the spectral ratio of vertical and horizontal seismo-
grams from short period instruments with the natural fre-
quency of 1Hz. According to their study, the thickness of 
the crust beneath the stations numbered 80–90, located in 
Mongolia ranges between 41.8–43.7 km. Yu.A. Zorin et al. 
[Zorin et al., 2002] also determined the thickness of the 
crust beneath the profile using the teleseismic receiver 
function analysis. According to the result of this study, the 
crustal thickness beneath the stations varies between 42– 
50 km. They suggest thick low-velocity zones in the upper 
crust beneath the central and southeastern part of the 
profile at depths of 10–20 km and 5–15 km, respectively. 
J.C. Stachnik et al. [Stachnik et al., 2014] and J. He et al. [He 
et al., 2016] both used the teleseismic receiver function H-k 
stacking method to determine the thickness of the crust, 
as well as Vp/Vs ratio, beneath the temporary array sta-
tions installed in certain parts of Mongolia. In the central 
northern side of Mongolian border, crustal thickness around 
49 km under the Khamar-Daban Range and thinning to 
38 km under Baikal Lake. In Ulaanbaatar, it is 43–44 km 
[Mordvinova et al., 1996, 2019]. Using deep seismic sound-
ing in the Baikal Rift Zone and its adjacent areas, the Moho 
depth varies from 35 to 50 km. The 35–37 km depth zones 
extend southwest from Chita city, connecting to the north-
eastern border of Mongolia [Suvorov et al., 2002].

To make a general map of the crustal thickness of Mon-
golia, we integrated the findings from previous studies 
with the results obtained in this study. Subsequently, to 
complete the mapping of outer areas, we used the CRUST1.0 
crustal reference model [Laske et al., 2013]. The resulting 
general map of crustal thickness of Mongolia is depicted in 
Fig. 7. This map provides a holistic view of crustal lateral 
variation across Mongolia, incorporating both finding data 
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Fig. 7. A general map of the crustal thickness of Mongolia.
Рис. 7. Общая карта мощности земной коры Монголии.

from studies and modeled estimates from the CRUST1.0 
reference model.

4. DISCUSSIONS
From our analysis of the radial receiver functions cal-

culated in the time domain for most stations, we have 
observed distinct direct P phases and sharp P-to-S (Ps) 
converted phases at the Moho, occurring approximately 
5–6 seconds after the P arrival. It can be observed that the 
amplitude of the observed transverse receiver functions is 
close to the pre-noise before the direct P phase. We have 
noted that negative amplitudes between the direct P phases 
and P-to-S converted phases in the receiver functions from 
certain azimuths. This phenomenon may be attributed to 
seismically low-velocity zones within the crust beneath 
the seismic station. Moreover, we have observed variations 
in the characteristics of P-to-S converted phases across 
different azimuths. This variability could be explained by 
the presence of an anisotropic structure within the crust 
and the potential for a dipping Moho beneath the stations. 
These observations suggest the presence of complex and 
heterogeneous crustal structures, which contribute to the 
diversity in seismic wave propagation characteristics ob-
served in our receiver functions analysis.

Our findings suggest that the characteristics of P-to-S 
converted phases, as well as the presence of negative am-
plitudes in stacked receiver functions, may be correlated 
with regional tectonostratigraphic terranes in Mongolia 
[Badarch et al., 2002]. For instance, the BULM station, 
situated in the Permian Triassic volcanic plutonic belt, ex-

hibits a distinctively sharp and narrow high P-to-S con-
verted phase in its observed receiver functions. Contrarily, 
the DZBM station, located in southern Mongolia within the 
Gurvansayhan Island Arc Terrane, shows a wider and mod-
erately sized amplitude of the P-to-S converted phase. On 
the other hand, the HBDM station, positioned on the Hovd 
Accretionary Wedge Terrane, showcases a less pronounced 
and sharper P-to-S converted phase at Moho discontinuity. 
Additionally, observed receiver functions from the HBDM, 
BX02, BX04, and BX06 stations exhibit converted phases 
between P and P-to-S arrivals. The terrane is complex as 
fault-bounded disrupted blocks, thrust sheets, and tectonic 
slivers with polydeformed, metamorphosed volcanoclas-
tic and sedimentary rocks. Overall, the accretion wedge’s 
structural complexity may influence the characteristics of 
incoming teleseismic waveforms.

The Vp/Vs ratio and Poisson ratio are indicative of the 
composition of the continental crust [Zandt, Ammon, 1995; 
Christensen, 1996]. With an average crustal Vp/Vs ratio of 
1.75, our study suggests a slightly lower value compared 
to the global average Vp/Vs ratio of 1.77 in the continen-
tal crust. In our teleseismic receiver function H-k stacking 
inversion, we used a Vp value of 6.11 km/s, except for the 
BULM station. Our study results indicate that the crust be-
neath the Hentei Mountain ranges, the Valley of Lakes, and 
eastern Mongolia exhibits more felsic composition com-
pared to other regions. Conversely, the presence of high 
Vp/Vs ratios and Poisson’s ratios beneath MG2B, BULM, 
and SHBM stations, situated on the Permian Triassic volca-
nic plutonic belt, suggests more mafic crust beneath these 
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locations. It is important to note that the timing of P, Ps, and 
later multiples observed in receiver functions is directly re-
lated to the Vp/Vs ratio. Therefore, the mafic composition 
of the crust beneath these stations may contribute to the 
observed low S wave velocity and high Vp/Vs ratio.

The lateral variation in crustal thickness across Mongo-
lian territory exhibits a considerable range, generally char-
acterized by thicker crust beneath mountainous regions 
and thinner crust towards eastern Mongolia. However, the 
limited number of seismic stations spread across the vast 
territory makes it challenging to fully explain this varia-
tion using Airy isostasy theory [Airy, 1855]. The signifi-
cant differences observed, such as the thick crust beneath 
the Mongol-Altai, Gobi-Altai, Hangay dome, Khuvsgul, and 
Khentii mountains, contrasted with the thin crust in low-
land areas, are more likely attributable to the complex tec-
tonic evolution of Mongolia.

The distribution of seismic stations of the UB network 
operating around Ulaanbaatar overlaps with the stations 
in the northern part of the CM network [He et al., 2016]. 
The results obtained from both the UB and CM network 
stations regarding the thickness of the crust beneath the 
Ulaanbaatar region show similarity. For instance, stations 
U05M and CM24 are approximately 7 km apart, and the aver-
age crustal thickness beneath each station is 43.3 and 44.9 km, 

respectively. This consistency in the crustal thickness esti-
mates from stations in both networks reinforces the reli-
ability of the findings and provides mutual validation of the 
results obtained from independent seismic networks.

The locations of the CCBM station of the MN network and 
the TSET station of the MOBAL transect are close to each 
other. The thickness of the crust beneath the TSET station 
was determined to be 50.0 km thick [Mordvinova et al., 
2007], whereas we determined the crustal thickness be-
neath the CCBM station as 42.3±0.3 km by H-k stacking ana-
lysis. Despite the stations being only 10 km apart, the differ-
ence in crustal thicknesses may be attributed to the methods 
used in the studies, as well as the quantity and quality of 
the data used for the receiver function analysis.

The permanent stations BGDM, ALTM, HTGM, and BULM 
of the MN network are situated near HD09, AT06, HV14, 
and HD72 stations of HD, AT, and HV networks [Meltzer et 
al., 2019]. Some of these stations are even positioned at the 
same geographical coordinates. The thickness of the crust 
beneath the HD, AT, and HV stations was determined by tele-
seismic receiver function H-k stacking analysis [Stachnik 
et al., 2014], making the results more suitable for compari-
son with this study. Specifically, beneath the BGDM station, 
the thickness of the crust is 46.2 km, whereas beneath the 
HD09 station, it measures 48.4 km. At the ALTM station, the 

Fig. 8. Map of Bouguer gravity anomalies and the thickness of the crust beneath the stations used in the study.
The background map depicts the Bouguer gravity anomalies across Mongolian territory (Baatarchuluun T., Daariimaa B., 2017). 
Triangles and numbers denote the Mongolian Seismic Network’s temporary and permanent broadband stations, along with the cor-
responding values of crustal thickness.
Рис. 8. Карта гравитационных аномалий Буге и мощности коры под станциями, использованными в исследовании.
На фоновой карте изображены гравитационные аномалии Буге на территории Монголии (Баатарчулуун Т., Даариимаа Б., 
2017). Треугольники и цифры обозначают временные и постоянные широкополосные станции Монгольской сейсмической 
сети и соответствующее значение толщины земной коры.
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thickness of the crust is 52.0 km, whereas it is  estimated to 
be 56.7 km at AT06. The HTGM station has a crustal thick-
ness of 47.3 km, while the HV14’s crustal thickness is esti-
mated at 51.4 km. The thickness of the crust beneath the BULM 
station was determined to be 37.7 km, whereas the HD72’s 
crust is estimated to be 43.8 km thick. Stations BULM and 
HD72 are located exactly at the same location, yet there is 
a 6 km disparity in estimated crustal thickness values.

The BULM station is a permanent seismic broadband 
station, and our study utilized 261 receiver functions de-
rived from teleseismic events occurring between 2014 and 
2023 to determine the crustal thickness and its character-
istics (see Fig. 2). Correlation-selected receiver functions 
with high signal-to-ratio and their stacked receiver func-
tion clearly show P-to-S phases and other multiples. Addi-
tionally, the teleseismic events used in our analysis exhibit 
a broad azimuthal distribution, enhancing the reliability 
of the average crustal thickness determination beneath 
the BULM station. We hypothesize that the thin crustal 
thickness and high Vp/Vs and Poisson’s ratios beneath the 
BULM and MG2B stations can be attributed to the effects of 
a mantle plume and crustal thinning process.

The distribution of the Bouguer anomaly closely reflects 
the structure of the Earth’s crust, particularly the upper 
crust. Typically, a high negative gravity Bouguer anomaly 
corresponds to a thick crust whereas a low negative anom-
aly is associated with a thinner crust. We have observed 
that the general map of the crustal thickness reasonably 
correlates with the Bouguer gravity model of Mongolia 
[Baatarchuluun, Daariimaa, 2017]. In the mountainous re-
gions such as Mongol Altai, Gobi-Altai, Hangay, and Khentii, 
where the crust tends to be thicker, there is a notable neg-
ative Bouguer anomaly with high intensity, ranging from 
–300 to –180 mGal. Contrastingly, in the plains of southern 
and eastern Mongolia, where the crust is thinner, we ob-
serve a low negative Bouguer anomaly with lower intensi-
ty, ranging from –130 to –60 mGal (Fig. 8).

5. CONCLUSIONS
We estimated the crustal thickness, average crustal 

Vp/Vs ratio and ν- Poisson’s ratio beneath 45 permanent 
broadband seismic stations using teleseismic receiver func-
tion H-k stacking analysis. Combining our findings with 
previous studies, we generated a general map illustrating 
crustal thickness across Mongolia. Our study revealed that 
the crustal thickness ranges from 35.9 to 63.1 km, with a 
mean value of 45 km. Notable, crustal thickness exhibits 
a gradual increase from east to west in Mongolia, a trend 
that aligns reasonably with the country’s topography and 
the Bouguer anomaly model. One interesting anomaly re-
sulting from our receiver function is a notable anomaly 
regarding the BULM stations in the Orkhon-Selenge re-
gion, where the average crustal thickness was estimated 
to be 37.7±0.4 км. To further investigate this anomaly, we 
installed the temporary MG2B station in the same region. 
Remarkably, the thickness of the crust beneath the MG2B 
station was determined to be 37.3±1.2 km, confirming the 
consistency of the anomaly.

The bulk crustal Vp/Vs ratio exhibits a range of 1.68 
and 1.92, with an average value of 1.74. Notably, the Vp/Vs 
ratio in the crust of northern Mongolia tends to be relative-
ly higher than the average value, falling within the range 
of 1.80–1.92. Interestingly, there is no discernible correla-
tion between an elevation of the stations and Vp/Vs ra-
tios, as well as Poisson’s ratio. Based on the elevation of 
the stations and the map of the crustal thickness, we can 
conclude that in general, thicker crust is typically found in 
mountainous and elevated regions, while thinner crust is 
more prevalent in lowlands. However, it is important to ac-
knowledge the limitations of our study. The study area is 
expansive, and the number of seismic stations is relative-
ly small and sparsely distributed. Therefore, while these 
general trends are observed, further research with denser 
station coverage would provide a more detailed under-
standing of crustal characteristics across Mongolia. Finally, 
the application of our study results to the update of the 
current seismic model and the processing of earthquake 
data will be a significant contribution to seismological re-
search in Mongolia.
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